Water content in jet fuels is detected by thermometric titration (TMT), and the optimal detected system is 2,2-dimethoxypropane as titrant, cyclohexane and isopropanol as titration solvents, and methanesulfonic acid as catalyst in this method. The amounts of oil, concentration and delivery rate of titrant, volumes, and the reliability and accuracy of thermometric titration were emphasized. The results show that the accuracy, validity, and reliability of TMT are excellent by different indicated spiked water contents. The obtained results between TMT and Karl Fischer titration have been proven to be in accord. But, the duration of titration merely spends 3-5 min in the whole process, greatly shortening the detected time. Therefore, rapid and accurate determination of trace water in a jet fuel can be realized by TMT.
Introduction
Water in jet fuels can result in fuel system icing, microbial contamination, and corrosion, which was considered as an important quality of fuel performance. Under a lowtemperature environment, dissolved water content of jet fuels is reduced and free water in fuels generates small ice crystals that block the oil line and decrease the normal fuel supply, so as to threaten flight safety [1] . Thus, water content in jet fuels must be strictly controlled.
At present, several field and laboratory methods are used to determine water in oil products. Field method is mainly visual observation method (VOM), which is conducted for the qualitative determination of water. However, as is characteristic of poor accuracy and repeatability, VOM cannot perform accurate quantitative determination of water in oil products [2] . Laboratory methods mainly include sensor method, solvent reflux, and Karl Fischer titration. Sensor method can achieve online measurement, but which requires established standard curves for each oil product.
Meanwhile, the results are bound to be affected by the environment [3] . Solvent reflux method can directly give free water contents in oil products; however, the method in obtaining data is subjective, complicated, time-consuming, and low accuracy [4] . Although the Karl Fischer method can obtain accurate water contents, because of highly toxic reagents, complicated preparation, and short service life, it has seriously hindered the practical uses [5] . Therefore, thermometric titration (TMT) is presented and attracted more and more attention due to rapidity, convenience, automation, and particularly excellent accuracy and applicability. TMT has been successfully applied in product quality, process control, and analysis of acidic substances and ions in aqueous and nonaqueous phase systems of different areas, such as petroleum, chemical engineering, electric power, pharmacy, and hygiene [6] [7] [8] [9] [10] [11] .
In the present investigation, the water of jet fuel was subjected to determination by TMT. As the same time, results by TMT are compared with by Karl Fischer, and accuracy and repeatability of results by TMT are further testified.
Experiments
2.1. Experimental Principle. TMT is an analytical method used to determine the content of substances, which is measured on the basis of different values of enthalpy of reaction [12] . Water content through TMT is based on the endothermic reaction between 2,2-dimethoxypropane (DMP) and water. Water content in jet fuels can be calculated when the inflection point in temperature-titration volume curves is used as titer of the titrant.
Water content in jet fuel is detected with DMP as titrant. DMP has undergone an endothermic reaction with water under the catalytic action of acids, and its enthalpy is +27.6 kJ/mol. The reaction equation of DMP and H2O is exhibited as (1) . A self-developed automatic TMT device was equipped with titration software, high-precision temperature-sensing probe, volumetric dispenser, and magnetic stirrer. The titration software has the unique capability of processing large number of data points at the rate of 8 measurements every second which is critical for reliable detection of the endpoint; the probe can measure the temperature to 0.01°C and have a response time of less than 0.3 s; volumetric dispenser can consistently deliver desired volume of titration solvent. Electronic scales from German Sartorius Corporation are capable of weighing to ±0.1 mg. 10 μL and 1000 μL microinjectors were purchased from Shanghai Anting Microsyringe Plant. The SC-3 Karl Fischer titrator was produced by Shandong Zhonghui Instrument Co. Ltd.
Reagent Preparation
(1) Preparation of the titrant: 12.5 mL DMP was accurately weighed, added into 100 mL volumetric flask, and dissolved into a constant volume with cyclohexane; the DMP titrant with a concentration of approximately 1.0 mol/L was obtained. Then, 0.1 mol/L, 0.5 mol/L, 1.5 mol/L, and 2.0 mol/L DMP titrants were prepared according to the above method.
(2) Preparation of the titration solvent: the titration solvent was obtained by mixing isopropyl alcohol and cyclohexane with a volume ratio of 2 : 3.
(3) Preparation of the standard aqueous solution: 1 μL, 2 μL, 4 μL, 8 μL, 16 μL, and 20 μL distilled water were dissolved into 10 g anhydrous isopropyl alcohol, and standard solutions with mass fractions of 0.01% (w/w), 0.02% (w/w), 0.04% (w/w), 0.08% (w/w), 0.16% (w/w), and 0.2% (w/w) were obtained, which was used to calibrate the concentration of DMP titrant.
Experimental Method
(1) TMT: the appropriate amount of jet fuel was accurately weighed and added to the thermal insulation reaction flask; then, 20 mL titration solvent and 200 μL MSA were added to the flask and fully dissolved with the stirring speed of 200 r/min; the thermistor and titrant delivery line were placed into the sample. DMP titrant with appropriate concentration was delivered to the sample at a constant speed. The TMT software was used to record the temperature and titrant volume of the titration system; there was a change in the slope of the plot of temperature versus volume, which indicated the endpoint of the titration. Endpoints were determined by calculating the second derivative and facilitating the determination of the endpoint. During titration, there is a blank to be determined. The blank titration is a summation of all delays inherent in the titration solution under defined experimental conditions. These delays were caused from kinetics of the chemical reaction between titrant and titrand, sensor response, mixing inefficiencies, electronic transfer, and computation of data. The volumes of the titrant obtained in the blank titration were subtracted from those in the initial titration data of fuel samples. Each titration experiment was performed three times.
(2) Karl Fischer titration: the water content in jet fuel was measured by Karl Fischer method of ASTM D6304.
Results and Discussion

Effect of the Mass of Fuel, Concentration, and Delivery
Rate of Titrant on Thermometric Titration. The water contents in jet fuel are relatively small, so the mass of fuel, concentration, and delivery rate of titrants will affect the accuracy of the determination results in thermometric titrations. As Table 1 shows, the mass was 2.0 g and there is a slight deviation. The mass was between 5.0 g and 15.0 g and the test value was basically consistent with the real value. The mass reached or exceeded 20.0 g and there was a large deviation. These observations show that the effects of sample mass on the determination results are relatively small in a reasonable range. The results of titrant consumption under different concentrations of titrants are listed in Table 2 , from which we can see clearly the concentrations of the titrant have great influence on determination result of TMT. The smaller the concentration of the titrant is, the larger the consumption Journal of Spectroscopy of the titrant volume is, which results in larger deviation. The higher the concentration of the titrant is, the smaller the consumption of the titrant volume is, which results in larger error on determination results. In summary, the most optimal titrant concentration is between 0.5 mol/L and 1.5 mol/L. In addition, in order to compare Karl Fisher conveniently, the concentration of titrant was used as 1.0 mol/L in all experiments. As showed in Table 3 , when the delivery rate of the titrant was 0.5 mL·min , the test value and real value of titrant consumption were quite close. When the delivery rate reached or exceeded 1.5 mL·min −1 , deviation is large. Therefore, the delivery rate of titrant played an important role on the determination results for TMT, and the most optimal titration rate is between 0.8 mL·min −1 and 1.0 mL·min −1 .
Determination of the Standard Water Content.
The prepared DMP titrant was calibrated by five groups of standard solutions. Linear fitting of the data points was conducted, and titrant concentration was calculated according to the slope. The determination results were displayed in Table 4 . Linear fitting of the standard water content and DMP titer was conducted. As demonstrated in Figure 1 , the calibration curve of DMP was y = 5 6650x + 0 8967. According to the calculation based on the linear fitting equation, the slope of the fitted straight line was k = 5 6650. The straight slope k was the value in millimeters of consumed titrant per 1% water content in 10 g jet fuel. According to the chemical equation of DMP and H 2 O, the ratio between DMP and H 2 O with regard to the stoichiometric number of the chemical reaction was 1 : 1. 0.9807 mol/L DMP was be obtained according to the experimental results.
Jet fuel with mass of 10.015 g was accurately weighed. Then, spiked water with different mass fractions was added to the jet fuel and mixed with 20 mL titrant and 200 μL MSA. Stirring velocity was set at 200 r/min, and 1.0 mol/L titrant was used at a titration velocity of 0.8 mL/min. As shown in Table 5 , the spiked recovery rates under highand low-water contents were high, that is, they are within 98% to 103%.
Linear fitting of the standard water content and DMP titer was established. Figure 2 demonstrated the linear regression equation between the spiked water contents and DMP titers. The linear regression coefficient R was 0.9997. When the spiked water contents within 0.01% (m/m) and 0.2% (m/m) were tested in the jet fuels, the determination results were highly accurate with favorable repeatability.
Determination of the Water Content in Jet Fuels.
Under room temperature (20°C) and humidity (80%) conditions, 3 Journal of Spectroscopy jet fuels with mass of 10 g were accurately weighed. Calibrated DMP was used to determine the water contents in jet fuels. The curve of temperature titration was shown in Figure 3 .
The selection of the endpoint of titration was automatically carried out with no interference with the manual. A second derivative was rapidly formulated to confirm the automatic selection of endpoint by titration software. TMT and Karl Fischer method were used to determine the water content in jet fuels under different conditions. As displayed in Table 6 , at different temperatures, the water determination results obtained through TMT were accurate. Thus, this method was appropriate for determining water content in jet fuels.
Mechanism Analysis of TMT Determining Water.
On the basis of the influence of the laws of the titration conditions, the reaction principle between DMP and H 2 O was analyzed during the determination process. The DMP titrant contained H 3 C-OH groups, which would react with water by absorbing heat and realizing water determination. The reaction mechanism between DMP and H 2 O was shown in Figure 4 .
The structure of DMP titrant contains two methoxy groups connected to one carbon atom forming large sterically hindered and strong chemical activity. This structure easily undergoes nucleophilic substitution with water. Under catalyst-free conditions, S N 2 nucleophilic substitution occurs in the reaction. Particularly, H 2 O induces backside attack of the leaving groups as nucleophilic reagents. Fracturing of old bonds and formation of new bonds simultaneously proceed. However, the stronger the nucleophilicity of the reagent in the S N 2 reaction is, the higher the reaction velocity is. The nucleophilicity of H 2 O is smaller than that of methoxyl. Therefore, the reaction slowly occurs between DMP and H 2 O without catalyst, so slowly so that the reaction cannot be noticed. Herein, we focus on acid as catalyst to accelerate the reaction and convert the reaction process from S N 2 substitution into S N 1 substitution. Protonation effect occurs in DMP because of the bond between the proton and methoxyl. As a result, methyl alcohol molecules were separated from DMP and formed carbocations. After a methoxyl was lost, steric hindrance was reduced, so it would be easily attacked by the nucleophilic reagent. As the nucleophilic reagent, H 2 O was bonded with carbocations, then the Journal of Spectroscopy second methyl alcohol molecule was separated from a center carbon atom, and formation of protonated acetone occurred.
As heat was absorbed in this process, the protons were finally removed to form acetone, and the removed protons continued the catalytic reaction.
Conclusion
The determination results on 0.01%-0.2% (m/m) spiked water were highly accurate and good repeatable. The obtained results on trace water in jet fuel at different temperature and humidity conditions were in accordance with those obtained using the Karl Fischer method. The duration of the entire determination process was 3-5 min. The trace water in jet fuels could be accurately and rapidly determined by TMT. As a result, TMT was appropriate for the determination of trace water in jet fuels.
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